To evaluate the influence of cementation on fracture load of anterior crowns made of CAD/CAM-resin-blocks (ART), leucite-reinforced glass-ceramics (LRG), lithium disilicate ceramics (LIT), veneered zirconia (ZRO) and veneered alloy (DEG). Each crown group (n=15/ subgroup) was cemented on the metal abutment as follows: i. using glass ionomer, ii. using self-adhesive resin cement, and iii. not cemented. Crowns were tested and analyzed with 2-way and 1-way ANOVA (Scheffé test), and Weibull statistics (p<0.05). Within LRG, self-adhesive cemented subgroup showed higher fracture load compared to other groups (p<0.001). Among DEG, lower results were measured for non-cemented crowns than for cemented (p<0.001). For ART, LIT and ZRO no influence of cementation was observed. For fracture load test methodology, metal ceramic crowns should be generally cemented. Glass-ceramic crowns should be cemented using adhesive cement. Cementation and cement type did not have an influence on the fracture load results for resin, zirconia or lithium disilicate crowns.
INTRODUCTION
The mechanical stability of a prosthetic restoration consisting of the framework with or without veneering ceramic is of clinical importance and can be tested in vitro using fracture load tests 1) . These tests should be performed with anatomically shaped crowns for better simulation of the clinical conditions compared to standard tests where standardized geometrical specimens with standard dimensions are used. The Voss test described the experimental set-up with cemented crowns on metal abutments with the force applied to the palatal surface of the crowns simulating the antagonist load 1) . The fracture load tests were originally developed to test metal-ceramic fixed dental prostheses (FDPs) 1) . However, the cementation mode for the crowns to be tested was not characterized. Currently, the restorations for fracture load tests are differently cemented in various studies [1] [2] [3] [4] . Zinc oxide-phosphate, glass ionomer or adhesive cements are used [1] [2] [3] [4] [5] [6] [7] [8] . Zirconia shows high values of flexural strength 9) ; lithium disilicate exhibits lower flexural strength than zirconia 10) . However, both materials offer the possibility of conventional cementation. Glass-ceramics exhibit lower strength values and require an adhesive luting protocol to increase the mechanical strength of a restoration [11] [12] [13] [14] . Fracture load studies reported significantly higher fracture load results for glass-ceramic crowns after adhesive bonding with multistep bonded luting resin composites versus conventionally cemented crowns 15) .
Several in-vitro studies demonstrated increased fracture load of all-ceramic crowns when cemented with resin cement 11, [16] [17] [18] . Borges et al. tested crowns made of alumina-infiltrated, lithium-disilicate-based, and leucite-reinforced ceramic cemented with either a composite resin cement or a resin-modified glass ionomer cement and found crowns luted with a composite resin cement having statistically higher fracture loads than those cemented with resin-modified glass ionomer cement 6) . Similar findings concerning the performance of ceramic restorations were obtained by Attia et al. 5) . The authors tested computer aided design (CAD)/ computer aided manufacturing (CAM) fabricated composite and all-ceramic crowns and showed that adhesive luting agents increased fracture load significantly compared to zinc phosphate cement 5) . Rosentritt et al. investigated the fracture load of three different zirconia fixed dental prostheses with different cementation methods and stated that fracture force revealed no significant differences between adhesive bonding and conventional cementation with zinc oxide-phosphate cement 4) . However, the relevance of cementation is an important point for the fracture load tests. Therefore, the objective of this present study was to evaluate the influence of the cementation type on fracture load results of different crown systems. The null hypothesis was that the cementation protocol shows no influence on the fracture load of different crown systems.
MATERIALS AND METHODS

This study tested the fracture load of anterior crowns
Influence of cementation and cement type on the fracture load testing methodology of anterior crowns made of different materials Table 1 . In order to produce standardized frameworks, a metal maxillary canine analog with a 360 degree chamfer preparation of 1 mm was cast from a CoCr alloy (ZENOTEC NP; Wieland+Dental, Pforzheim, Germany). After scanning (InEOS; Sirona, Bensheim, Germany) a framework with cusp support was designed using a CADsoftware (Cerec InLab 3.60; Sirona, Bensheim, Germany). Enlarged presintered zirconia (In-Ceram YZ; VITA Zahnfabrik) and wax (CAD-Waxx; VITA Zahnfabrik, Lot. No.: 31670) frameworks for the metal-ceramic crowns were milled by a CAM-system (Cerec InLab System; Sirona). Zirconia frameworks were sintered to full density according to the manufacturer's instructions (LHT 02/16; Nabertherm, Lilienthal/Bremen, Germany).
The wax frameworks were invested (CM-Ceramicor; Biel/Bienne, Switzerland, Lot. No.: 0000168251) and cast (Motorcast compact; Degussa, Hanau, Germany) according to the manufacturer's instructions. After cooling, the investment material was removed in an air-abrasion unit (CEMAT NT4; Wassermann, Hamburg, Germany) using 50 µm Al 2O3 (Renfert; Hilzingen, Germany) at 2 bar pressure. Subsequently, the frameworks were veneered according to the manufacturer's instructions with the following veneering ceramics: zirconia with VITA VM9 (VITA Zahnfabrik) and the alloy frameworks using VITA VM13 (VITA Zahnfabrik). The firing protocol followed strictly the manufacturer's instructions (Table 2) , using a ceramic furnace that was calibrated before manufacturing the specimens (D4; Dekema, Freilassing, Germany). To achieve standardized shape and size of the veneers, a silicone index was used during ceramic build-up. In a second firing, under the same conditions, dentin was added to compensate for the shrinkage of the sintering process. Prior to the second firing, the slurry was condensed into the mold using a vibrator for 2 s at 50 Hz (ElektroVibrator Porex; Renfert, Hilzingen, Germany). After the final firing, the veneering ceramic was glazed and the restoration was finished.
One finished zirconia crown was scanned (InEOS; Sirona) to manufacture identical full-contour crowns from the other materials as described in a prior study 19) . The same CAM system (Cerec Inlab; Sirona) was used to mill crowns from ART, LRG and LIT CAD/CAM blanks. Subsequently, the specimens of the LIT group were crystallized by 840°C according to the manufacturer's instructions (Programat C100; Ivoclar Vivadent, Schaan, Liechtenstein). Additionally, glaze paste was applied on the LIT and LRG crowns and fired in the ceramic furnace (D4; Dekema) ( Tables 1-2 ). The resin ART crowns were polished according to the manufacturer's recommendation. Thereafter, the specimens of each crown group were randomly divided into three subgroups (N=45, n=15 per group). One subgroup of each framework group was not cemented. The remaining LRG and LIT groups were etched with 9.5% hydrofluoric acid gel (Porcelain Etch; Ultradent, South Jordan, USA) according to the manufacturers' instructions for 60 s and 20 s, respectively. The ART, DEG and ZRO crowns were airabraded with alumina powder with a mean particle size of 50 µm (CEMAT NT4; Wassermann) for 10 s at a pressure of 2 bar and a distance of 10 mm. All crowns were cleaned for 10 min in an ultrasonic bath (Bransonic Ultrasonic Cleaner 3510 E-DTH; Branson, Nanbury, USA). Subsequently, the crowns were cemented with glass ionomer cement (KTC: KetacCem; 3M ESPE, Seefeld, Germany) or self-adhesive resin cement (RXU: RelyX Unicem; 3M ESPE) on their corresponding airabraded (10 s, 50 µm Al 2O3, 2 bar) metal abutments. During cementation, the crowns were secured with finger pressure for 2 min. After 48 h of storage in distilled water the specimens were loaded in the Universal Testing Machine (Zwick/Roell Z010; Zwick, Ulm, Germany). The load was induced with a flat loading cell on the palatal surface of the incisal edge at an angle of 45 degrees to the long axis of the tooth at a crosshead speed of 1 mm/min. In order to avoid force peaks, a piece of a 0.5 mm tin foil (Dentaurum; Ispringen, Germany) was placed between the incisal edge and the loading jig (Fig. 1) . The fracture load test was stopped as soon as the maximum fracture load decreased by 10%. After fracture load measurements, fracture type analysis was performed. Two different fracture types were defined: a. fracture in the framework: total fracture; b. chipping: fracture of veneering ceramic.
The fracture load data were analyzed with 2-way and 1-way ANOVA, followed by a post hoc Scheffé test based on the assumption of normal data distribution. In addition, the parameters of the Weibull distribution (Weibull modulus and the characteristic fracture load) were estimated by Maximum Likelihood and 95% CI was computed 17, [20] [21] [22] [23] . The Statistical Package for the Social Science Version 20 (SPSS INC; Chicago, IL, USA) for normal distribution and MINITAB Version 14 (MINITAB; State College, PA, USA) for Weibull distribution were used. Results of the statistical analysis with p-values smaller than 5% were considered to be statistically significant.
RESULTS
The fracture load results of the descriptive statistics for each test group are presented in Table 3 . Figure 2 shows the boxplots for the tested groups, separately for each cementation type and each framework material. Among the groups ART (p=0.793), LIT (p=0.371) and ZRO (p=0.677) no significant influence of cementation on fracture load results was observed. For LRG groups, the self-adhesive cemented subgroup (RXU) showed Fig. 3 Failure types of tested specimens after fracture load test.
significantly higher fracture load compared to the noncemented group and cemented group using glass ionomer (KTC) (p<0.001). Among DEG groups, significantly lower fracture load was measured for non-cemented crowns compared to both cemented groups (p<0.001). The Weibull statistics are presented in Table 4 . In all tested groups, no significant influence of cementation on shape was found (ART: p=0.610; LRG: p=0.106; LIT: p=0.529; ZRO: p=0.169; DEG: p=0.103). Among LRG groups, self-adhesively bonded crowns (RXU) showed significantly higher scale values compared to both other groups (p<0.001). Within DEG groups, both bonded crowns using glass ionomer and self-adhesive resin cement showed higher scale values compared to the not bonded specimens (p<0.001).
After fracture load test, the monolithic restorations ART, LRG and LIT groups showed fracture in the framework (Fig. 3 a-c) . Together in all veneered zirconia groups (ZRO: non cemented, cemented with KTC and RXU) 13-27% chipping and 87-77% total fracture was observed (Fig. 3d) . The metal-ceramic crowns solely showed chipping (Fig. 3e) .
DISCUSSION
The results of this study showed that while the mean fracture load of glass-ceramic reconstructions increased by the use of adhesive resin cement, cement type is less important for resin, zirconia, lithium disilicate and metal-ceramic reconstructions with any cement. Therefore, the null hypothesis that the cementation type presents similar fracture load results for all tested crown systems has to be rejected. In literature, similar findings concerning the higher fracture load of glassceramic restorations were presented 6, 15, 17) . Likewise to the results of this study regarding zirconia restorations Rosentritt et al. 4) did not observe significant differences for fracture resistance between adhesively bonded and conventionally cemented restorations. However, when contemplating the results of lithium disilicate, contradictory findings become apparent: Borges et al. 6) described statistically greater fracture loads for lithium disilicate specimens when cemented with composite resin cement in comparison to those cemented with resin-modified glass-ionomer cement. Yet, the product tested was IPS Empress 2 with a lower flexural strength of 251 MPa 14) in contrast to IPS e.max CAD which was examined in the present study and has a flexural strength of 360 MPa 10) . In this study, only the leucite reinforced glass-ceramic showed an influence of cementation type on the fracture load results. Although lithium disilicate ceramic and zirconia also belong to brittle materials, the strength of these materials is so high that cementing with adhesive resin cements cannot further increase their fracture load.
Also Attia et al. 5) found differing results compared to the present study regarding resin crowns. The authors stated that the adhesive luting agents Rely X ARC and GC Fuji CEM increased fracture load of CAD/CAM fabricated resin crowns significantly in comparison to zinc oxide-phosphate cement 5) . However, their tested crowns were made from a radiopaque composite block (MZ 100; 3M ESPE) in contrast to the resin CAD/CAM crowns fabricated from high performance Interpenetrated Polymer Network (IPN) (artegral ImCrown; Merz Dental) which were investigated in the present study. These results are in contrast to a prospective clinical study, where after up to 9 years of clinical service no differences in the survival rate dependent on the cementation mode could be identified, if certain selection criteria for the use of glass ionomer cement were followed 24) . In this study, metal abutments were chosen as substitutes for natural teeth as the residual deformation during loading is limited in comparison to less stiff materials. Moreover, the abutments can be reused, hence reducing costs 25) . Before cementation on the metal abutments, all framework surfaces were pre-treated according to the manufacturers' recommendations. LRG and LIT are glass-based and can be roughened by hydrofluoric acid etching. Air-abrasion of glass-based material is counterproductive due to the brittleness and lower flexural strength of the material. In contrast, ART, ZRO and DEG cannot be etched and therefore the surfaces were treated using air-abrasion with 50 µm alumina powder as clinically recommended. In summary, in all groups the mechanical bonding properties to the frameworks were included.
The present investigation tested the influence of different cementation types used in many laboratory studies. For this study RelyX Unicem was selected as adhesive bonding because among tested framework materials it had the most reliable bond strength 26) . RelyX Unicem showed shear bond strength of 13.4-17.1 MPa to alloy, 16.2-16.6 MPa to zirconia, 12-13.4 MPa to glass-ceramic and 29-37.4 MPa to resin 26) . In contrast, Ketac Cem is the most widely used glass ionomer cement and was therefore tested in this study.
In the present study, all monolithic restorations such as ART, LRG and LIT showed total fracture as failure type, regardless of the fracture load values. In contrast, hybrid reconstructions consisting of two different materials -framework material and veneering ceramic-can present fracture of solely the veneering ceramic (chipping) or fracture of both materials (total fracture). Within DEG, all specimens chipped in the veneering ceramic. This fracture type can be explained by the fact that alloy shows a variety of deformation and absorbs the forces, while ceramics have lower flexural strength and brittleness leading to a faster and spontaneous fracture. This deformation is probably also the cause of the former chipping at high fracture load of non-cemented groups compared to cemented ones. ZRO groups showed both failure types, regardless of the cementation type. In general, 13-27% of the zirconia reconstructions in all (four) three cement groups chipped at lower fracture load values. In contrast, specimens with higher fracture load showed total fracture type. Therefore, it could be further stated, that when veneered zirconia specimens can withstand a certain fracture load, the fracture type will be total fracture.
Though, failure types observed in this study for ZRO and DEG do not correlate with the clinical failure patterns. Zirconia framework failures or chipping of alloy reconstructions are rare incidents in clinical studies. In that respect, the results derived from static loading tests can be considered as extreme values that possibly will not occur in the oral environment. Hence, it can be stated that the values obtained in such tests are far above the chewing forces.
Constant clinical occlusal forces of 12 to 90 N and occasional maximum forces of up to 909 N in posterior areas can be assumed depending on the type of measurement, gender, restoration type, diet, and other parameters 27) . Yet, the failures of the tested monolithic groups were observed below 900 N. Thus, the fracture load tested in this study may not withstand the clinical applications without restrictions.
The stability of the complete system is of clinical importance and can be tested with the fracture load test according to the Voss test 28) . In this kind of test, the anatomy of the crowns is not excluded. Thus, the clinical conditions can be better represented compared to standard tests where geometrical specimens with standard dimensions are used. The restorations are cemented on metal abutments, and force is applied to the crowns by simulating the antagonist load. The Voss test was originally developed to test the fracture load of metal-ceramic FDPs. The present study used this test method to investigate the influence of cementation type.
Additionally, the power analysis for the measured fracture load results was calculated (nQuery Advisior Version 6.04.10; Statistical Solutions, Saugaus Mass). For the calculation of the power analyses the LRG group bonded with the resin cement RXU was chosen. In clinical situation it was observed that the glassceramic crowns cemented using resin cements showed significant higher stability compared to glass-ceramic reconstructions cemented with glass ionomer cement. A sample size of 15 in each group will have 92% power to detect a difference in means of 72.2 N (30% decrease of LRG group cemented using RXU) caused by different cements (without, KTC, RXU) assuming that the common standard deviation is 50 N using two group t-test with 0.017 Bonferroni corrected two-sided significance level due to 3 different pair comparisons. Therefore, the used sample size seems to be large enough for the null-hypothesis, that the cementation protocol shows no influence on fracture load results of different crowns systems, to be rejected.
The Weibull analysis is a common statistical approach used to describe the strength variation of brittle dental materials [20] [21] [22] . Lower Weibull moduli (shape parameter) designate greater variability and consequently less reliability in the strength, attributable to flaws and defects in the material. In the Weibull statistics, the characteristic strength (scale parameter) characterizes the 63.21 percentile of strength distribution 23) . It is reported that the Weibull modulus values of most dental ceramics range from 5 to 15 20) . There are diverse estimation methods to calculate Weibull parameters. One is the Maximum Likelihood Estimation approach which was also applied in this study. It is more often preferred because the 90% or 95% CI on the estimates of the Weibull parameters are considerably tighter than those of linear regression 22) . No statistical influence of cementation was found in shape results for all tested groups. In general, the scale values of Weibull distribution showed similar results to those of normal distribution.
In this study, the specimens were only stressed under static load. No cyclic loading as present in clinical situation was applied. Moreover, the present investigation was conducted in a dry surrounding in contrast to the humid conditions in the oral cavity. These aspects can be considered as limitations of the study. Furthermore, the crowns were cemented and then loaded on a CoCr alloy abutment exhibiting a higher Young's modulus compared to natural tooth structure. It was reported that higher Young's moduli lead to higher forces at fracture 29) . So, in further studies the influence of cementation mode with teeth abutments should be investigated taking the above mentioned aspects into account.
CONCLUSION
Within the limitations of this study, no influence of cementation type on fracture load results was observed for resin, veneered zirconia and lithium disilicate crowns. Metal-ceramic crowns showed significantly higher fracture load by cemented crowns compared to non-cemented. Adhesively cemented leucite reinforced glass-ceramic crowns presented significantly higher results compared to non-cemented and cemented ones using glass ionomer cement.
